M
any mechanics experiments in class or laboratory employ complicated gadgets to collect and represent motion data. These devices include photocells, various types of switch, and "smart" pulleys. Some times these gadgets distract the stu dent's attention away from the behav ior of the moving body, which should be the primary focus of attention. Microcomputer-based methods offer a considerable advantage, and can be used in many experiments. For exam ple, the sonic ranger allows students to record the motion of a body in one dimension. The sonic ranger, smart pulley, and other similar devices have proven successful in teaching kinema tics and dynamics in one dimension. These devices, however, are·normally limited to one dimension.
The video camera, on the other hand, is inherently a two-dimensional data-recording device. The difficulty lies in the conversion of information recorded by the video camera into useable, digital information. For this purpose, we devised a computer based system that derives all relevant information from the video signal, and properly processes and displays this information.
The name of this system is Orvico (for Object Recording by Video and Computer) . This system, and others that were developed inde pendently, were first described sever al years ago. continued to explore methods of using this approach in a variety of pedagogical experiments. We have used Orvico with PAL video (25 frames per second with 625 lines per frame), which is used in Europe, and NTSC video (30 frames per second with 525 lines per frame), which is used in the USA, Canada, and Japan. In the following we show a selection of examples for various levels of physics teaching.
Description of Orvlco
A video camera delivers electrical signals, which contain the informa tion necessary to reconstruct the pictures (frames). For a normal scene, this information consists of a great number of single dots of various brightness (including color) within each frame. A typical color picture will contain several megabytes of information. While methods of han dling this level of video data are becoming available, they require high-level computers with many me gabytes of RAM and large hard drives. When we began this project, such machines were not available, and they are not yet common in school or undergraduate laboratories. Thus, we took a different approach.
Frequently, in kinematics and dynamics, students can learn much by studying the motion of a single point on an object. By limiting our analysis to that point, we reduce significantly the amount of informa tion to be handled. In principle, the task is to observe only one single point, and nothing else. This leads to the idea that the "point mass" (the puck, the glider, the pendulum body, etc.) be marked by a bright spot and donnelly@siena.bitnet observed in front of a dark back ground. With only two coordinate values to be established and processed for each frame, this arrangement reduces the amount of data consider ably, so that a computer can handle the task quickly and easily.
To detect and store the coordi nates of a bright point in a video scene, a special interface card was created. This 62-contact plug-in card can be used with any MS-DOS com puter-8088 level or higher. The card is commercially available, as is the appropriate software. In general, one may extract only information about one bright point for each frame. This limitation exists for any video camera that has as output a monochrome or composite color signal. However, if a color camera with red, green, and blue outputs and a more sophisticated card are used, one may observe and record up to three points per frame. These points would need to be marked so that only one was the brightest point on the screen with each of the above-mentioned colors. An example for this extended facility is the motion of two bodies before and after a collision, as well as the motion of two bodies in a coupled oscillation. Furthermore, by marking one ex tended body with spots of different color, a motion composed of transla tion and rotation may be recorded.
Observations with one camera are bound to the focal plane. The prospect also exists of analyzing mo tion in three dimensions by simulta neously using two cameras and prop erly processing their data. This tech nique will not be described further in this paper.
The educational advantages of Orvico are:
• There are no data-taking gad gets, which might deflect at~tion from the point of the expenment. The video camera does not directly interfere with the experiment. In its function, together with the computer, it resembles the human observer's eye and brain.
• Because the on-line recorded data (time, position) are stored in the computer, they may be processed and displayed in many different ways, such as trace, stroboscopic illumina tion, time function, various coordi nates, time derivatives by numerical calculation, integral, distribution function, and Fourier analysis. Usin~ a computer in addition to the tradI tional paper and pencil, teachers and students learn to handle data and means of representation. In this way, they are able to come to conclusions more directly. In addition, students may feel motivated to produce short sequences of software to process and display the data according to their own ideas.
• The use of Orvico is not re stricted to indoor or classroom activi ties. With a video camera and record er, outdoor activities such as motion in sports and traffic may be recorded and later fed into the computer for processing and display. This possibil ity clearly matches a demand for more connections between physics instruction and everyday experiences.
Technical details of Orvico and software
Video is composed of 25 or 30 frames/so However, to decrease no ticeable flicker, each frame consists of two separate fields. The odd-num bered lines are placed on the screen (field I ); then the electron beam returns to place an even-numbered line (field 2) in between each odd numbered pair. Commonly called interlaced video, this technique re sults in 50 fields/s in PAL and 60 fields/s in NTSC.
In a monochromatic picture, the brightness of each pixel is represented by a voltage. Higher voltage corre sponds to a brighter point. The task of Orvico is to detect the brightest point in the picture. A brightness threshold setting, controlled with software, en ables the student to suppress relative ly bright objects and concentrate on the single brightest point. .
The coordinates of the spot are easily derived from the video signal. By counting the lines from top to bottom, the y coordinate of the spot is defined by the number of the line that carries the signal; the x coordinate is defined by the time elapsed between the beginning of this line and the appearance of the signal. In this way the coordinates ofthe spot are record ed once every 1/50 or 1/60 S.
The video signal is fed directly to an electronic circuit, which is inserted into the computer and processes the data appropriately for the computer. Transition from PAL to NTSC only requires small software adjustments for scaling. The setting of the thresh old to discriminate the spot against the background is done via the key board and may be displayed on the screen. All consecutive steps of calcu lation or display are achieved by the software.
In creating software to process these data, we have prepared materi als that have the widest instructional applicability. Possibilities include the following:
• Recorded motion can be repre sented in true coordinates. The prop er calibration is accomplished by recording two special positions of the point object, and entering their real distance via the keyboard. The c0 ordinates established in this way are available for any further calculated displays. The location of the object can be displayed in real-time, Le., as the signal enters the computer.
• Various types of screen repre sentation (graphs) are possible in real-time as well. The (x, y) trace of the moving body within the focal plane can be shown by leaving each plotted point on the screen. Because the display flickers, this trace comes out as if the moving object were illuminated by a stroboscopic flash at the frame frequency. Representations of x vs. t or y vS. t are possible. In all cases, the "stroboscopic" points may be connected by short straight lines, which leads to an almost "contin uous" trace.
• These data can be processed to obtain and represent diagrams of functions such as x(t), y(t), and • More sophisticated graphs are also possible, such as polar represen tations of the coordinates r(t) and 1m ....... t/l(t) with respect to an arbitrary center, and the Fourier spectrum (for a given time basis) of any periodic process, and the distribution function of statistical events.
• The software contains addi tional facilities for the evaluation, handling, and representation of data. These facilities include: enlarging de tails, simultaneous imaging of differ ent sections, labeling of coordinates, and help.
In summary, users have some control over the manner in which the data are collected, and much control over the representation of those data. Control ofthe threshold of brightness provides a means by which users can select the object of interest within the scene and correct for less-than-ideal lighting situations. In addition, the users control the method of repre senting the data graphically on the screen. They can display a variety of graphs-such as x-y, x-t, y-t, u-t, u x-in real-time, so that the graph appears as the data are being collect ed. For periodic data, the users may also display Fourier components, but this analysis cannot be displayed as the data are being collected.
All of these processing, analysis, and display functions are accessible through the menu structure, which guides the user to manage these possibilities and leads to various sub menus. It is also possibile to insert additional program parts (written in Turbo Pascal) according to individ ual ideas or needs.
Examples
The following examples are selected to show typical applications for var ious teaching levels. They are de scribed only to the extent necessary to make the possibilities clear. Complete details on teaching the physics related to these subjects are omitted here. Ballistic curoe. Figure 1 shows a stroboscopic picture of a ballistic curve; it was obtained by throwing a small snowball within the focal plane of the camera. (Although this was done outdoors, a classroom produc tion would also be possible.) The time spacing between the points here is 1150 s (with the NTSC system, other points, spaced by 1/60 s, would be obtained). In teaching this subject, circular motion around its point of one could ask the students to try to suspension. Fig. 3(a) shows a strobo obtain a detailed description of the scopic recording when the motion is curve, including the extraction of started with u~O at position S (point x(t), y(t) and their time derivatives.
of unstable equilibrium). From the Later, the computer may carry out spacing of the points the varying this task by using the data already speed is seen. As a further evaluation, stored. The software to do this is, of the direction and magnitude of accel course, available, but the teacher eration, yielding the total acting should also consider the advantages fOI;ce, may be obtained from the of letting the students try to produce stroboscopic points. Again, this eval the steps of the computer program for uation may be done "by hand," or by the intended evaluation. Other exam software; the arrows in Fig. 3 (a) Fig. 3(b) . Several co's performance with results ob interesting values have been labeled tained for coupled, stiff, and spherical for Fe. At point S, the stick has to pendula. push upwards to compensate for G. Figure 2 shows the well-known At points A and B, Fe disappears; case of two coupled pendula; one these are the points where a body pendulum was marked by a green rolling within a vertical circular track spot, the other by a red spot. The would jump off. Finally, at point C, "green" and "red" channels have the weight and the centrifugal force been recorded simultaneously.
have the same direction. The next example is a little more Another interesting experiment unusual: A stiff pendulum (solid stick is the spherical pendulum (a simple instead of a string) is observed in its pendulum with two directions of free --
. motion). A bright spot marks the lowest point of the pendulum body, and the camera is placed underneath the pendulum, looking upwards so as to record its motion. Fig. 4 inserted into the graphs following the experiment. The speed of C comes out to be the same before and after the collision.
Statistical motion on air table.
One puck is marked with a white dot, and its movement among 10 other pucks on an air table ofarea 1 m 2 is recorded by Orvico in the stroboscopic mode [see Fig. 6(a) ]. One can see various characteristics of this situation. Be cause there are no long-distance inter actions, the motion of these hard spheres proceeds in a straight line between collisions. Various spacings of points indicate various speeds, and various distances between collisions indicate various lengths of free path. Distribution functions may be estab lished by a tedious evaluation of this picture, but this job may also be done by the computer [see Fig. 6(b) ].
An interesting variation of this setup is shown in Fig. 7(a) . Here, a small air table 0.1 m 2 in area is filled with small pucks that are repelling magnets. Because of the magnetic field; the trace of the observed puck no longer follows a straight line between the hard collisions. Still more interesting is an effect that shows up as the number of pucks is increased [see Fig. 7(b) ]. The ob served puck, then, is mainly found at distinct places, suggesting that a "sol id" begins to develop with a higher density of particles.
Moving frames of reference. frame of reference in all Orvico Consequences concerning moving recordings rests within the camera frames of reference may be drawn (in the examples described above, the from data delivered by a moving camera was at rest in the laboratory).
camera. As an example, we show the fictitious forces derived from the data.
The camera is fixed to a horizon tal table that rotates at angular veloc ity 00, and it is looking vertically upward. A horizontal air track is mounted above the camera. The slid er on it is marked with a bright spot visible for the camera from below, and it moves with constant speed along the air track. Fig. 8 shows this motion as seen by the rotating cam era. With this stroboscopic picture an interpretation of the appearance of fictitious forces may be performed, either point by point, by evaluating the apparent velocity (v' = dr/dt) and force (F,o, -d2 .r/dt 2), or direct ly, by using the stored data and software. The result of the latter evaluation is displayed by the inserted arrows. The total force, F,o, (heavy arrows) in each instant can be repre sented by two components: a force which always points outward F ef , from the center of rotation M, and a force Feo' which is always perpendic ular to the apparent velocity v'. Fef is the centrifugal force (note that its magnitude comes out to be propor tional to the distance r between the slider and M. The dependence on angular speed 00 can only be shown with another recording, employing another 00 for the This new edition features added material, such as new infonnation on high T c superconductivity, and major revisions in the chapters on energy, elementary particles, and surface physics. A complete listing of physics data centers is now included and the general section on physical constants and recommended symbols has been enhanced. The recompiled index is more than twice the size ofthe original and affords even more efficient use of this quick-reference tool. 
Conclusion
The use of Orvico enables students to build intuition about two-dimension al motion. The real-time nature of the analysis enables students to watch the motion and a variety of 'representa tions. Thus, it provides an effective way for students to learn and under stand the physics of motion. Several of the examples have shown how these analyses can be extended to rather sophisticated si tuations. Because all results can be presented visually, they can be under stood by students who do not have the background to work with the mathematics of chaos, statistical me chanics, or relative motion. As a result, these sophisticated topics can be taught to students at introductory levels.
Finally, and most importantly, none of the analyses or visual repre sentations arises from computer sim ulations. All of the results come from processing of data from video of experiments completed by the stu dents. The students themselves com plete the experiment for which they see the representations.
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